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ABSTRACT: Although using supported noble-metal catalysts for CO2 hydrogenation is an
effective solution due to their excellent catalytic properties, metal oxide supports themselves
can exhibit good activity being more economically feasible. This work focuses on
investigating the complexity of the Co3O4 system during the CO2 methanation reaction,
which is usually accompanied by the formation of unstable dispersions of cobalt oxide and
metallic Co. Herein, we have tested different types of Co3O4: synthetically prepared
mesoporous m-Co3O4 (BET surface area, 95 m
2/g) and commercial c-Co3O4 (BET surface
area, 15 m2/g; purchased from Merck) in the CO2 methanation reaction under different
reduction temperatures (273−673 K). The reduction temperature was adjusted to 573 K for
both the catalysts to reach the optimal Co/cobalt oxide ratio and consequently the best
catalytic performance. m-Co3O4 is more active (CO2 conversion 95%) and stable at higher
temperatures compared to c-Co3O4 (CO2 conversion 63%) due to its morphology-induced
∼66 times higher surface basicity. DRIFTS results showed differences in the detected
surface species: formate was observed on m-Co3O4 and was proven to contribute to the total methane formation. It was revealed that
in CO2 methanation reaction, both bulk and surface properties such as morphology, cobalt oxidation states, acid−base properties,
and presence of defect sites directly affect the catalytic performance and reaction mechanism. Furthermore, 1% 5 nm Pt
nanoparticles were loaded onto the Co3O4s to check the competitiveness of the catalysts. This study evidences on a cheap noble-
metal-free catalyst for CO2 methanation consisting of m-Co3O4 with competitive activity and ∼100% CH4 selectivity.
1. INTRODUCTION
One of the currently most important ecological concerns is
associated with the growing concentration of CO2 in the
atmosphere, which occurs due to the intense utilization of
carbon-rich fossil fuels such as coal, oil, and natural gas. The
increase of atmospheric CO2 contributes to a series of
environmental problems such as global warming and ocean
acidification.1,2 Catalytic hydrogenation of CO2 using a
sustainable H2 source not only reduces CO2 emissions but
also produces valuable fuels and chemicals.3 However, CO2 is a
stable molecule that requires an energy-demanding catalyst for
its activation.4
Recently, noble-metal−metal-oxide catalysts have received
much attention owing to their extensive applications in CO2
methanation.5−7 In these systems, metal oxides not only aid for
the dispersion of noble metals but also affect catalytic activities
due to the presence of strong metal−support interaction.8,9
However, noble metals are expensive materials; hence, the
search for new solutions is of great interest nowadays.
The Co-based catalysts have been widely implemented for
Fischer−Tropsch synthesis, methanol, and higher alcohol
synthesis.10 However, they proved to be particularly active
and highly selective for the production of methane (Table S1).
The methane and CO selectivity are determined by multiple
factors such as CO2 conversion, reduction temperature,
reaction temperature, pressure, catalyst amount, and the
structure of the support.11
The Co-based catalysts under CO2 hydrogenation reaction
is a complex dynamic system that often demonstrates the
coexistence of different phases such as Co3O4, CoO, and Co
on the surface of the catalyst. The composition of the phases
and distribution between them are strongly influenced by the
reduction temperature, structure, and morphology of the
catalyst and directly affect the catalytic performance of the
material (Table S1).
The focus of the present study lies in deriving the catalyst
properties−performance correlations in the Co3O4 system.
Herein, we compared different types of Co3O4 material during
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CO2 methanation at ambient pressure: mesoporous Co3O4
(further denoted as m-Co3O4) prepared by the hard template
method and commercial Co3O4 (further denoted as c-Co3O4)
purchased from Merck. The catalysts were tested at different
reduction temperatures to elucidate the effect of cobalt oxide
states on catalytic performance. A short discussion on the role
of formed phases and plausible reaction mechanism is carried
out. m-Co3O4 is shown to have good and stable catalytic
activity in CO2 methanation reaction compared to its noble-
metal-loaded counterpart and other Co-based catalysts.
2. EXPERIMENTAL SECTION
2.1. Chemicals. Pluronic-123 (average Mn ∼ 5800) and
tetraethyl orthosilicate (98%) were purchased from Sigma-
Aldrich. H2PtCl6·6H2O and n-butanol (99.5%) were obtained
from Reanal Labor. Poly(vinylpyrrolidone) (average molecular
weight ∼ 40 000) was purchased from BASF. Co(NO3)2·6H2O
(99%) was purchased from Spektrum-3D. Co3O4 was
purchased from Merck. Ethylene glycol (99.7%), NaOH
(99.95%), HCl (37%), toluene (99.98%), n-hexane
(98.54%), ethanol (99.94%), and acetone (99.96%) were
purchased from Molar Chemicals. All of the chemicals were
used as received without further purification.
2.2. Synthesis of 5 nm Pt Nanoparticles. H2PtCl6·6H2O
(50 mg) and PVP (220 mg) were dissolved in 10 mL of
ethylene glycol, separately. The solutions were mixed in a 25
mL round-bottom flask and refluxed at 433 K for 60 min under
argon purging. The Pt nanoparticles were collected by
precipitation with 40 mL of acetone, followed by several
washing cycles based on ethanol dispersion and hexane
precipitation. The product was finally redispersed in 10 mL
of ethanol.
2.3. Synthesis of Mesoporous Cobalt Oxide. For the
preparation of mesoporous cobalt oxide support (m-Co3O4),
KIT-6 silica was used as a template.12 In a typical synthesis,
4.65 g of Co(NO3)2·6H2O was dissolved in 8 mL of water and
mixed with a suspension of 4 g of KIT-6 in 50 mL of toluene.
Vigorous stirring was applied to the mixture at 338 K until the
total evaporation of toluene. After the evaporation, the
precipitated product was collected and dried at 333 K
overnight, followed by calcination at 573 K for 6 h. The silica
template was completely removed by several washing steps
using 2 M aqueous NaOH solution. The filtered product was
dried at 332 K overnight.
2.4. Synthesis of Mesoporous Cobalt Oxide-Sup-
ported Pt Catalysts. To fabricate supported catalysts, the
ethanol suspension of Pt nanoparticles and m-Co3O4 were
mixed in ethanol and sonicated in an ultrasonic bath (40 kHz,
80 W) for 3 h. The supported nanoparticles were collected by
centrifugation. The products were washed with ethanol three
times before they were dried at 353 K overnight.
2.5. Powder X-ray Diffraction (XRD). XRD studies of the
samples were performed on a Rigaku MiniFlex II instrument
with a Ni-filtered Cu Kα source in the range of 2θ = 10−80°.
For the measurements under inert atmosphere (N2), a PW
1830 diffractometer (Philips) using Cu Kα radiation (λ =
0.1542 nm) and operated in Bragg−Brentano geometry with a
Ni filter at a voltage of 40 kV and a current of 30 mA was used.
2.6. Hydrogenation of Carbon Dioxide in a Con-
tinuous-Flow Reactor. The catalytic reactions were carried
out at 1 atm pressure in a fixed-bed, continuous-flow reactor (8
mm i.d.) made from quartz. The dead volume of the reactor
was filled with quartz beads. The operating temperature was
controlled by a thermocouple placed inside an oven close to
the reactor wall. For catalytic studies, small fragments (about 1
mm) of slightly compressed pellets were used. Typically, the
reactor filling contained 200 mg of catalyst. In the reacting gas
mixture, the CO2/H2 molar ratio was 1:4. The CO2/H2
mixture was introduced to the reactor with mass flow
controllers (Aalborg), and the total flow rate was 50 mL·
min−1. The reacting gas mixture flow entered and left the
reactor through an externally heated tube to avoid con-
densation. Analysis of the gases was performed with an Agilent
4890 gas chromatograph using Equity-1 capillary and Porapak
QS packed columns to allow the complete separation of the
reactants and products. The gases were detected simulta-
neously by thermal conductivity and flame ionization
detectors. Before the catalytic experiments, the as-received
catalysts were oxidized in the O2 atmosphere at 573 K for 30
min and thereafter were reduced in H2 at 273−673 K for 60
min.
2.7. X-ray Photoelectron Spectroscopy (XPS). For XPS
analysis, a powder sample was pressed into a tablet with ca. 1
cm diameter and a few millimeters thickness. Pretreatment (in
O2 at 573 K for 30 min; in H2 at 573 K for 60 min) and ex situ
sample preparations were carried out in the modified
prechamber of a Kratos Analytical XSAM800 instrument.
After that, the samples were introduced into the main chamber
to register spectra. After data acquisition, CO2 and H2 (1:4
ratio) were introduced to the prechamber, and the reaction
time was 30 min at 673 K and 1 atm. Then, the spectra were
collected once again.
The XP spectra were obtained with a nonmonochromatized
Mg Kα X-ray source (1253.6 eV). The X-ray gun was operated
at 144 W (12 kV, 12 mA) for both survey and high-resolution
spectra. The survey spectra were collected at an 80 eV pass
energy with a step rate of 1 point per eV. The high-resolution
spectra were collected at a pass energy of 40 eV with a 0.1 eV
energy resolution. All high-resolution spectra were charge-
corrected for the aliphatic component of the C 1s spectrum
region having a peak maximum at 284.8 eV. For background
correction, a standard Shirley background was applied in all
cases.
2.8. In Situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS). The DRIFTS analyses
were carried out in an “Agilent Cary-670” FTIR spectrometer
equipped with “Harrick Praying Mantis” diffuse reflectance
attachment. The sample holder contained two BaF2 windows
in the infrared path. The sample was pretreated as described
above, cooled down to room temperature under helium flow,
and the background spectrum was registered. At room
temperature, a CO2/H2 mixture (1:4 molar ratio) and He
stream with a total flow rate of 40 mL·min−1 were fed into the
DRIFTS cell. The tubes were externally heated to avoid
condensation. The catalyst was heated under the reaction feed
linearly from room temperature to 673 K, with a heating rate of
20 K·min−1, and IR spectra were collected at 50 K intervals. All
spectra were recorded between 4000 and 900 cm−1 at a
resolution of 2 cm−1. Typically, 32 scans were registered. Due
to the short optical path within the DRIFTS cell, the
contribution of the reactant gases was negligibly small, and
from gas-phase products, only the most intense features were
observable.
2.9. Transmission Electron Microscopy (TEM). High-
precision images of ultrathin samples of the catalysts were
provided by an FEI TECNAI G2 20 X-Twin high-resolution
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transmission electron microscope (equipped with electron
diffraction) operating at an accelerating voltage of 200 kV. The
samples were presented on a copper grid-type holder coated
with a thin layer of carbon.
2.10. Raman Spectroscopy. Raman characterization was
performed with a 785 nm excitation wavelength in a Bruker
Senterra II instrument. All of the samples were tested at a low
nominal power of 1 mW with 30 s integration time. The in situ
Raman spectra were collected in a temperature-controlled
stage (Linkam, HFS600E), where the atmosphere was
controlled by mass flow controllers (Aalborg) to reproduce
the pretreatment conditions in the catalytic tests.
2.11. CO2 Temperature-Programmed Desorption
(CO2-TPD). The temperature-programmed desorption
(TPD) was carried out in a BELCAT-A apparatus using a
reactor (quartz tube with 9 mm outer diameter) that was
externally heated. Before the measurements, the catalyst
samples were pretreated as described above. Thereafter, the
sample was cooled in flowing He to 323 K and equilibrated for
15 min. The samples were flushed with CO2 for 30 min and
then flushed with He for 15 min at 323 K. The reactor was
heated linearly at a rate of 10 K·min−1 up to 800 K. The CO2
consumption was detected by a thermal conductivity detector
(TCD).
3. RESULTS AND DISCUSSION
3.1. Characterization of the Catalysts. The morphology
of Co3O4 samples was studied by transmission electron
microscopy (TEM). The TEM image of the m-Co3O4
produced by the template method shows a regular, ordered
structure with nanorod morphology. The average diameter of a
nanorod is 5 nm (Figure 1a). The material has a specific
surface area of 95 m2/g and a typical pore volume of 34.4 Å. In
contrast, c-Co3O4 support has no regular shape (Figure 1b)
with a low specific surface area (Table 1).
Chemical characterization of the surface was carried out by
means of CO2 temperature-programmed desorption (CO2-
TPD), which was applied to identify the number of basic sites
present on pretreated catalysts (Table 1). Obviously, the peak
area of basic sites for m-Co3O4 is considerably higher
compared to that of c-Co3O4, indicating that CO2 adsorption
was facilitated in the case of m-Co3O4. The increase in basic
sites was mostly observable in the ca. 373−513 K temperature
region, which corresponds to the enhancement of weak basic
sites such as OH groups.13 The enhanced surface basicity in
the case of m-Co3O4 may arise due to the hard template
synthesis method, aimed at producing ordered mesoporous
structures. The applied reaction conditions initiated the
generation of hydroxyl group-based vacancies having basic
character.14 In parallel with the appearance of these hydroxyl
groups, the surface basicity is significantly enhanced in an
exponential manner. It is generally accepted that the higher
surface basicity is beneficial for the activation of CO2
molecules.15
Being a reducible oxide, Co3O4 in a reducing environment
forms metallic Co, which has strong hydrogenation ability and
lacks RWGS activity.16 The distribution of species on the
surface and hence the catalytic activity are known to be heavily
dependent on pretreatment conditions and reduction temper-
atures, in particular.17 Hydrogen temperature-programmed
reduction (H2-TPR) experiments revealed that m-Co3O4 and
c-Co3O4 are reduced to different extents from 473 to 673 K,
meaning that the support morphology influences its redox
behavior and c-Co3O4 can be reduced much easily (Figure S1).
The same effect was reported earlier.16
Therefore, in the first experiment, the reduction temper-
atures varied in this temperature range to determine the
optimal interphase. The pretreatment conditions were as
follows: oxidation in O2 for 30 min at 573 K and subsequent
reduction in H2 for 60 min from 273 (no reduction) to 673 K.
3.2. Effect of Reduction Temperatures. 3.2.1. X-ray
Diffraction (XRD). Figure 2 shows the XRD patterns of original
m-Co3O4 and c-Co3O4 as well as their reduced samples. The
m-Co3O4 exhibits peaks at 2θ = 31.3, 36.9, 38.6, 44.8, 55.7,
59.4, 65.35, and 77.3°, which correspond to crystal planes of
(220), (311), (222), (400), (422), (511), (440), and (533) for
Co3O4 cubic spinel structure (JCPDS card no. 43-1003)
18
(Figure 2a). However, c-Co3O4 shows additional XRD peaks
apart from Co3O4 phase at 2θ = 36.6, 42.6, 61.7, and 77.6°
assigned to the (111), (200), (220), and (222) planes of the
cubic CoO, respectively (JCPDF no. 43-1004)19 (Figure 2b).
The oxidized Co3O4 samples (no reduction) showed only
reflections of the Co3O4 cubic spinel structure. Since there is a
CoO phase present in the original c-Co3O4, it is reduced
easieralready at 473 K, while in the case of m-Co3O4, at this
reduction temperature, only one phase of cubic Co3O4 with
reduced intensities could be detected. Increasing the reduction
temperature to 573 K results in the emergence of the CoO
phase for m-Co3O4 as well. Furthermore, in both the cases,
diffraction peaks at 2θ = 44.5 (111 crystal plane) and 76.1°
(220 crystal plane) indicate the presence of the small amount
of cobalt fcc (JCPDS no. 15-0806).20 At the highest reduction
temperature of 673 K, the catalysts consisted of primarily
metallic cobalt (fcc), evidenced from diffraction peaks at 2θ =
44.5, 51.5 (200 crystal plane), and 76.1°; however, CoO phase
was also registered for both the samples.
3.2.2. Catalytic Activity Tests. The catalytic performance of
Co3O4 catalysts, reduced at different temperatures, was
evaluated for CO2 hydrogenation reaction in the 473−673 K
temperature range and at 1 atm pressure. The CO2 conversion
is shown in Figure 3, while the maximum CO2 consumption
rate values are summarized in Table S2. m-Co3O4, reduced at
273 and 473 K, is inactive up to 550 K (Figure 3a). This may
be attributed to the presence of only Co3O4 single phase,
Figure 1. TEM images of (a) m-Co3O4 and (b) c-Co3O4.















95 34.4 0.153 0.6
c-Co3O4 15 24.6 0.042 0.009
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evidenced by XRD data (Figure 2a). At the 573 K reduction
temperature, Co3O4 is partially reduced to CoO and Co, which
leads to the catalyst being active at much lower temperatures as
well as to high CO2 conversion values (Figures 2a and 3a).
Figure 2. XRD patterns of (a) m-Co3O4 and (b) c-Co3O4 reduced at 273, 473, 573, and 673 K.
Figure 3. CO2 conversion over (a) m-Co3O4 and (b) c-Co3O4 reduced at 273, 473, 573, and 673 K and (c) their CH4 selectivity at 573 K.
Figure 4. XPS spectra of Co 2p of the (a) m-Co3O4 and (b) c-Co3O4 pretreated; (c) m-Co3O4; and (d) c-Co3O4 reacted.
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However, a higher reduction temperature results in a decrease
of m-Co3O4 catalytic activity, presumably because most of the
CoO is over-reduced to metallic Co (Figures 2a and 3a). A
similar trend is observed in the case of c-Co3O4. Here, with no
reduction, the catalyst becomes active at higher temperatures
compared to its reduced samples, for all of which CoO phase
was registered (Figures 2b and 3b). A small amount of metallic
Co appears during 573 K reduction, thus slightly increasing the
catalytic performance of the catalyst.
In the CO2 hydrogenation reaction, the major product was
CH4 with a minor amount of CO and ethane. At 573 K, the
methane selectivity significantly increases up to 99% for m-
Co3O4 reduced at 573 K, while for c-Co3O4, it is relatively the
samearound 95% for all of the pretreatment conditions at
this temperature (Figure 3c).
After being reused up to 4 times, the catalysts showed a
small decrease in activity with every repeated cycle, which
indicates that both catalysts have good operational stability.
The decrease in the CO2 conversion was more significant in
the case of c-Co3O4 (Figure S2).
Albeit it is widely accepted that the active phase for CO2 +
H2 reaction in Co-based systems is metallic Co;
16 in our case,
Co3O4 catalysts reduced at the highest reduction temperature
did not show the best activity; hence, the role of oxide phase
cannot be ruled out. Thus, the better catalytic activity of m-
Co3O4 can be ascribed to the enhanced basicity, which
improves the adsorption and the activation of CO2.
In general, a minimum reduction temperature of 573 K is
required to activate m-Co3O4, while c-Co3O4 is active at 473 K
reduction. The optimal reduction temperature that leads to
better activity and higher methane selectivity is 573 K for both
Co3O4s.
3.3. Co3O4 Catalysts Reduced at 573 K under CO2
Methanation. 3.3.1. Oxidation States of Cobalt in Co3O4
Catalysts. Commercial and mesoporous Co3O4 samples
reduced at 573 K were investigated in more detail by means
of X-ray photoelectron spectroscopy (XPS) to get information
about the chemical state of surface cobalt species. For the
oxidation-state analysis, the Co 2p high-resolution spectrum
region was collected, where only the 2p3/2 part of the doublet
was fitted. Peaks corresponding to Co0 were fitted with an
asymmetric peak shape of Lorentzian Asymmetric LA-
(1.2,5,5).21 For nonmetallic forms, a Gaussian−Lorentzian
product function GL(30) peak shape was used. In the samples
where Co2+ was present, a well observable satellite peak is
present. For both the samples, the collected spectra are shown
in Figure 4. The c-Co3O4 is more easily reduced by the
pretreatment process; thus, more metallic Co is present on the
surface compared to m-Co3O4, which aligns well with XRD
results. c-Co3O4 is further reduced to metallic Co during the
reaction (Figure 4b,d). The m-Co3O4, on the contrary,
contains mainly Co2+ in the form of CoO and Co3+ is still
present in the sample after reaction (Figure 4a,c). The
distribution of various Co oxidation states was calculated based
on the corresponding peak areas; the results are summarized in
Table 2.
3.3.2. Surface Species Formed during CO2 Methanation.
For catalytic reactions, the exploration of surface species
formed during the catalytic processes plays a decisive role in
the understanding of the reaction mechanism. Toward this
goal, DRIFT spectra were monitored at elevated temperatures
in the presence of the reactant mixture/products. The
assignment of IR bands and the detailed description are
based on the vibrational fingerprints of relevant surface species,
which were reported in previous publications.22−26 It should be
considered that the denoted wavenumbers may vary by ±5
cm−1 within one dataset as a function of temperature.
A series of IR spectra recorded during the CO2 hydro-
genation reaction for m-Co3O4 and c-Co3O4 are given in
Figure 5. The observed bands and species formed in CO2
hydrogenation are collected in Table S3.
In the spectra of m-Co3O4, various species were detected as
the result of CO2 adsorption on the surface of the catalyst
(Figure 5a). CO2 adsorption is favored by the presence of
abundant basic sites, revealed from CO2-TPD results. In
DRIFTS spectra, this is evident from a strong-band gas-phase
CO2 at 2400−2200 cm−1 (not shown) and two strong twin-
bands observed in the range of 3750−3550 cm−1, which
correspond to the combined tones of gas and adsorbed CO2
molecules.27
The reaction is initiated at 473 K, evidenced by the
appearance of the gas-phase methane at 1305 cm−1. The
corresponding methane feature can be detected at 3016 cm−1
as well. These gas-phase methane spectra are easily detectable
during dry reforming of alcohols and CO2 hydrogenation
reactions.28,29 To precisely assign other observed peaks
corresponding to the possible reaction intermediates, CO2
and formic acid (HCOOH) were adsorbed on the surface of
m-Co3O4 (Figure 5a, inset). Carbon dioxide adsorbs with the
formation of carboxylate (1623 and 1285 cm−1)22,30 and
bidentate carbonate (1542 and 1358 cm−1) species.22 The
assignment of formate species was performed based on formic
acid adsorption, which at 473 K resulted in peaks at 2866 (CH
stretching frequency), 1573, and 1365 cm−1 (asymmetric and
symmetric (O−C−O) stretching vibrations) (Figure 5a, inset).
During CO2 + H2 reaction, at low temperatures (up to 373
K), vibrational modes of carboxylate species at 1631 (ν3(O−
C−O)a) and 1298 cm−1 (ν3(O−C−O)s) were detectable,
which after 423 K shifted to 1653 and 1245 cm−1, respectively.
The peak at 1213 cm−1 could be assigned to bicarbonate
adsorbed species that usually arise as a result of the interaction
between CO2 and the surface hydroxyl.
22,31 Carbonate bands
are observed in the spectra (Figure 5a) at 1484 and 1342 cm−1
and may correspond to the ν3(O−C−O)a and ν3(O−C−O)s
vibrations of polydentate carbonate.30 From 423 K, bicar-
bonate species are converted to formate species at 2838, 1576,
and 1381 cm−1.
In the case of c-Co3O4 catalyst, the reaction starts with the
formation of CH4 at 473 K evidenced by the peaks at 1305 and
3016 cm−1, which is in harmony with catalytic measurements
(Figure 5b). Interestingly, the DRIFT spectra do not show any
intermediates with significant concentrations up to this
temperature. The infrared vibration bands at 1652 and 1267
cm−1 from 473 K are similar to those formed on m-Co3O4 and
assigned to the adsorbed carboxylate species.22 In addition to
the carboxylate, carbonate peaks are present in the spectra
Table 2. Oxidation State of Cobalt for m-Co3O4 and c-
Co3O4 after Pretreatment and after Reaction
oxidation states
Co(0) (%) Co(II) (%) Co(III) (%) total (%)
m-Co3O4 pretreated 34.20 48.10 17.70 100
m-Co3O4 reacted 24.81 68.80 6.39 100
c-Co3O4 pretreated 46.67 54.33 0.00 100
c-Co3O4 reacted 100.00 0.00 0.00 100
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(Figure 5b) as broad overlapping bands observed in the
spectral region from ∼1300 to 1600 cm−1. These are registered
at 1457, 1361, and 1089 cm−1, as well as ∼1542 and 1340
cm−1, which are ascribed to polydentate and bidentate forms of
adsorbed carbonate, respectively.22,32,33 These bands were also
distinguished in the case of NiO29 and Au/TiO2
32 during the
interaction of the CO2 + H2 mixture at low temperatures. In
addition, broad physisorbed water peaks are detectable in the
case of c-Co3O4 due to OH stretching vibration located at
3200−3600 cm−1.30
On both the catalysts, carboxylate- and carbonate-like
species were formed. Under the flow of hydrogen, the
carboxylate (HOCO) can be converted to methane via the
RWGS pathways34
HOCO CO OH(a) (a) (a)→ + (1)
CO H HCO(a) (a) (a)+ → (2)
In the following steps, HCO is hydrogenated further
through the formation of perturbed CO
HCO H H CO 2H H C OH(a) (a) 2 (a) (a) 3 (a) (a)+ → + → +
(3)
H C H CH3 (a) (a) 4(g)+ → (4)
The RWGS mechanism is additionally supported by the
small-intensity linearly adsorbed CO peak at 2076 cm−1 in the
case of m-Co3O4. It is very “hot” (thermally excited) and has a
transient existence; thus, a small fraction leaves the surface
immediately or gets hydrogenated further.35 Since this peak is
observable even at room temperature, it should be considered
that the HOCO(a) dissociation (step 1) occurs to a very
limited extent at this low temperature. On the other hand, a
very small amount of CO2 may undergo dissociative
adsorption on m-Co3O4 as well
CO CO O2(g) (a) (a)→ + (5)
After direct C−O bond cleavage in adsorbed CO, the
subsequent carbon hydrogenation pathway cannot be elimi-
nated as it was proposed in the study of CO dissociation on
cobalt Fischer−Tropsch catalyst36
CO C H CH CH(a) (a) (a) 4(a) 4(g)→ + → → (6)
The intensity of CO is rather small. Its dissociation on
metallic Co and carbon enrichment at the surface layer were
not detected by XPS in our case. Despite this fact, the
hydrogenation of subsurface carbon to some extent cannot be
ruled out. The carbon formation and its penetration to the
subsurface layer from the dissociation of CO in Co-based
systems were observed and discussed.37−39 It was determined
that the hydrogenation step of carbon was slower than the C−
O bond breaking.36 Evidently, CO is very unstable with a short
lifetime on c-Co3O4 since the corresponding peak is
undetectable in the case of c-Co3O4.
Along with carboxylate and carbonates, formate species were
registered on the m-Co3O4 while on the c-Co3O4, those species
were undetectable. The formate species are identified as an
important intermediate in CO2 methanation-related
works.23,29,31,34,35,40−44 The formate species can be hydro-
genated to hydrocarbons
HCOO H COH H C OH(a) 2 (a) 2 (a) (a)→ → + (7)
H C 2H CH2 (a) (a) 4(g)+ → (8)
Furthermore, a broad peak at 1998 cm−1 is identified from
423 K on m-Co3O4. This band most likely belongs to the
bridge bonded or hydrogen-perturbed CO species, which
could originate from carboxylate or formate species.29,34,45
At high temperatures, CO selectivity is distinguished for
both catalysts. CO(gas) product may emerge from the
decomposition of carboxylate or formate (eqs 1 and 7)
HCOO CO OH(a) (a) (a)→ + (9)
This reaction step (eq 7) was considered recently in CO2 +






formate produced by adsorption of HCOOH on metals,46
oxides, and supported metal catalysts41,42 decomposes to CO
and CO2.
It is also interesting that the adsorbed OH vibrations around
3200−3600 cm−1 were not registered on m-Co3O4. In this
case, the recombination of OH groups to form water is
assumed to happen very fast
nOH H O(a) 2 (g)→ (10)
Figure 5. DRIFTS spectra of (a) m-Co3O4 and (b) c-Co3O4 obtained during CO2 hydrogenation. Inset: CO2 and HCOOH adsorption on m-
Co3O4 at 473 K.
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Tentatively, at least to some extent the higher catalytic
activity of m-Co3O4 may be ascribed to the fact that formate
species additionally contribute to the methane formation. It is
strongly suggested that the formate forms at the Co/cobalt
oxide interface. Supposedly, hydrogen atoms are created on
metallic Co and they further migrate to the metal−support
interface to react with the formate producing methane. In an
attempt to prove that formate species observed on m-Co3O4
catalyst are not just a spectator but indeed a reaction
intermediate, further DRIFTS spectra were collected (Figure
6).
In this experiment, a small amount of formic acid was
adsorbed on the m-Co3O4, after which mainly formate species
were registered at 2867, 1585, and 1375 cm−1. A similar
spectral feature was obtained on the titania surface after
HCOOH adsorption.41,42 Formate species were thereafter
heated under the flow of hydrogen. From 473 K, characteristic
methane vibration at 3016 cm−1 with small intensity is
detectable. Discussing the role of formate as an intermediate, it
should be mentioned that formate is able to migrate from the
metal/metal oxide interphase and accumulate on the oxide
surface as in the case of the Ru/Al2O3 system.
47 Migrated
formate species are therefore inactive and cannot be converted
to produce CH4. The migration starts from the interface, and
the formate localizes on the cobalt oxide phase as an inactive
spectator. To support this finding, a fully oxidized m-Co3O4
catalyst consisting of only the Co3O4 cubic spinel phase was
tested in CO2 methanation under identical conditions. In that
case, formate species were registered, but no methane was
formed. Thus, formate is proven to be an active intermediate
resulting in the formation of CH4; however, the carboxylate
route cannot be excluded.
3.3.3. Insight into Structural Defects with X-ray Photo-
electron and Raman Spectroscopy. The most prevailing
structural defects in the Co3O4 system are accepted to be the
oxygen vacancies.48 They are formed during the reduction of
higher valent metal ions (Ti4+, W6+, Co3+) to lower-valent
metal ions (Ti3+, W5+, Co2+).49 The characterization of oxygen
vacancies was carried out by means of Raman and X-ray
photoelectron spectroscopy techniques (Figure 7).
As described earlier, pure Co3O4 has five Raman-activated
modes, 194, 482, 522, 618, and 691 cm−1 attributed to the F2g,
Eg, F2g, and A1g phonon modes.
50 Among them, the band at
∼194 cm−1 is characteristic for tetrahedral sites and can be
ascribed to the vibration of Co2+−O2− while that at ∼690 cm−1
is characteristic for octahedral sites and therefore corresponds
to the Raman vibration of Co3+−O2−.51 As shown in Figure 7a,
on the m-Co3O4 sample, before pretreatment, Co
2+−O2− and
Co3+−O2− are observed at 193.5 and 688.5 cm−1, respectively.
After pretreatment, these Raman bands almost completely
match those before pretreatment, which points at minuscule
structural defects in the m-Co3O4. In the case of c-Co3O4
(Figure 7b), a considerable shift to higher frequencies for the
bands corresponding to Co2+−O2− and Co3+−O2− vibrations is
observed. This blueshift of the Raman bands can be attributed
to the photon-confinement effects of the surface oxygen
vacancies.52 Moreover, after pretreatment on c-Co3O4, the
Raman band at 528 cm−1 intensifies and becomes significantly
broader. This is assigned to the defect-induced Raman peak
arising from the one-phonon density of states scattering on
CoO.53
The predominance of oxygen vacancies in c-Co3O4
compared to m-Co3O4 was further supported by XPS of the
Co3O4 catalysts after pretreatment. As seen from Figure 7c,d,
two kinds of oxygen species are fitted in O 1s spectra. The
peak at ∼529.1 eV is assigned to lattice oxygen species (Olatt),
whereas the one located at ∼530.8 eV corresponds to the
surface adsorbed oxygen (Oads).
54 The number of surface
oxygen vacancies can be understood in terms of the Oads/Olatt
ratio. The higher ratio reveals more surface oxygen vacancies
having formed. Judging from the Oads/Olatt ratios calculated on
the basis of peak areas in the deconvoluted spectra (Figure
7c,d), it is evident that c-Co3O4 is more abundant with surface
oxygen vacancies compared to m-Co3O4. These results are
consistent with Raman data.
3.3.4. Characterization of Spent Catalysts. The crystal
structure of Co3O4 catalysts was recorded for the spent
catalysts (Figure 8). In the case of m-Co3O4, apart from CoO
(reflections at 2θ = 36.8, 42.5°), a mixture of metallic Co
phases formed, in which peaks at 2θ = 44.6, 51.8, and 76.1°
indicate the presence of fcc Co along with peaks at 2θ = 47.8,
76.1° corresponding to the hcp phase. c-Co3O4 lacks any peaks
of cobalt oxidized forms and is present almost exclusively in
the form of hcp metallic Co (2θ = 41.7, 44.7, 47.6, and 76.1°)
(JSPDC card no. 05-0727).55 The broad peak around 2θ = 26°
is attributed to graphitic carbon that appears in all spent Co-
based catalysts.39
X-ray structures of both catalysts after pretreatment at 573 K
were also compared. This time, the patterns were registered at
a slower scan rate to identify all of the components, and under
inert atmosphere (N2) to avoid reoxidation (Figure S3a).
In Figure S3a, m-Co3O4 after pretreatment shows a peak at
2θ = 38.4 and 78.2° corresponding to Co3O4 cubic spinel
structure. Also, some reflections of CoO are detectable at 2θ =
36.6 and 42.6°. The rest of the peaks denotes the presence of
metallic Co. The peaks at 44.5 and 75.6° were assigned to the
cobalt fcc crystal structure. The peak at 47.7° was attributed to
metallic Co in the hcp phase. For c-Co3O4, reflection at 38.4°
belongs to Co3O4, while those at 41.7, 44.6, and 47.6°
correspond to the hcp phase of Co. Reflection with a small
intensity at 51.5° is characteristic for fcc Co, and the peak at
76° can be assigned to both fcc and hcp Co.55 Altogether, it
can be seen that after pretreatment, cobalt on m-Co3O4 is
Figure 6. DRIFTS spectra of HCOOH adsorbed on m-Co3O4 and
heated in H2 to 673 K.
The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
https://dx.doi.org/10.1021/acs.jpcc.0c09717
J. Phys. Chem. C 2021, 125, 7130−7141
7136
primarily in the fcc phase while on c-Co3O4, the hcp phase
dominates.
Thus, XRD results showed that after pretreatment, there is a
mixture of Co phases observed in the catalysts, and in the case
of c-Co3O4, a phase transition from Co-fcc to Co-hcp occurs
more readily. It was reported by several scholars that the Co-
fcc/Co-hcp phase transition takes place as a result of in situ
irreversible transformation of Co2C to Co (hcp) under CO
rich atmosphere as during the CO oxidation reaction.56,57 The
formation of carbides was proposed in the CO2 + H2 reaction
as well.58 However, in the present experiment, carbides were
detected neither in XRD (Figure 8) nor in the XPS C 1s region
of the spent catalysts. It may be suggested that the
transformation of Co(fcc)−Co2C−Co(hcp) happens fast
enough to be detected. To ascertain or disprove the formation
of cobalt carbide, CO2 + H2 reaction was performed on the c-
Co3O4 catalyst, but the flow of CO2 was eliminated, that is, the
catalyst was pretreated and heated in H2 under reaction
conditions. The recorded XRD pattern (Figure S3b)
demonstrates that the c-Co3O4 catalyst after reaction with
H2 and the one after CO2 methanation reaction have the same
XRD peaks, associated with mainly Co(hcp) phase structure.
This suggests that the Co fcc−hcp phase transition is not
caused by the CO2 hydrogenation reaction; hence, the
possibility of Co2C formation under our reaction conditions
and its influence on the mechanism were eliminated. What
really causes the phase transition is hydrogenation in the
temperature range of 473−673 K. The hydrogenation process
is commonly known to induce the accumulation of structural
defects.49,59 It is proposed that the Co-fcc/Co-hcp phase shift
could be facilitated in the case of c-Co3O4 due to the less
ordered crystal structure and abundant oxygen vacancies sites.
Discussing the role of Co phases in CO2 + H2 reaction, it
should be noted that Co(hcp) was theoretically and
experimentally proven to be more active than a cubic phase
in Fischer−Tropsch synthesis presumably due to more surface
defects as active sites.56,60 In this experiment, apparently, the
hcp phase of metallic Co seems less catalytically active in CO2
methanation reaction since c-Co3O4, despite having more
metallic Co on the surface, shows poorer catalytic performance
compared to its mesoporous counterpart. Intuitively, this
phenomenon may be ascribed to the presence of a larger
degree of sites needed for CO2 methanation on m-Co3O4
(weak basic sites, crucial for CO2 activation) rather than to the
influence of the cobalt crystal phase.61 A more precise
explanation obviously requires more investigation, which is
not in the scope of this work.
3.4. Effect of Platinum Nanoparticles Loading. This
chapter is aimed to investigate the competitiveness of free-
Figure 7. Raman spectra of (a) m-Co3O4 and (b) c-Co3O4; XPS O 1s spectra of (c) m-Co3O4 and (d) c-Co3O4.
Figure 8. XRD patterns of m-Co3O4 and c-Co3O4 after CO2 + H2
reaction.
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standing supports with noble-metal-loaded samples. As the
reference experiment, 1% 5 nm-sized platinum particles were
deposited onto the surface of m-Co3O4 and c-Co3O4 catalysts.
The resulting catalysts were denoted as 1% 5 nm Pt/m-Co3O4
and 1% 5 nm Pt/c-Co3O4, respectively.
The catalytic performance of Pt nanoparticle-loaded
catalysts was evaluated for CO2 hydrogenation reaction
under the same reaction conditions as for free-standing
supports. The reduction temperature for all of the catalysts
was 573 K. The product distribution was the sameCH4 with
a small amount of CO and minor ethane formation. The
maximum CO2 consumption rates as well as the selectivity of
Pt/supported catalysts compared to free-standing supports are
summarized in Table 3. Decorating m-Co3O4 with 1% 5 nm Pt
nanoparticles resulted in enhanced activity by a factor of 1.3 at
the maximum. The promoting effect was more pronounced in
the case of c-Co3O4 (by 1.8 times).
The higher catalytic activity for 1% 5 nm Pt/m-Co3O4
compared to 1% 5 nm Pt/c-Co3O4 catalyst can be attributed to
the presence of uniform-sized completely separated 5 nm Pt
nanoparticles inside the mesopores of Co3O4. The enhance-
ment effect of Pt nanoparticles can arise from providing new
active centers at the Pt/support interphase that are mainly
responsible for CO formation.35,62 Therefore, CH4 selectivity
drops to lower values in Pt-loaded catalysts compared to free-
standing supports (Table 3). Another factor that could result
in promoting catalytic activity is the H2-spillover effect on Pt
atoms,63,64 since the C−O bond cleavage is known to be
assisted by hydrogen.65
3.5. Discussion of the CO2 Methanation Reaction
Mechanism. Even though metallic Co is commonly acknowl-
edged to serve as the active site in CO2 methanation reaction
for Co-based catalysts,10,11,16,66 the results reported in this
work support that for CO2 methanation, both cobalt oxide
phase and metallic phase are important. This is confirmed by
catalytic experiments, from which the catalysts reduced at the
highest temperaturehaving more metallic Codid not
demonstrate the best performance. It is believed that for
Co3O4 systems in this work, cobalt oxide phase is mainly
responsible for CO2 activation while dissociation of H2
happens on metallic Co.45 For m-Co3O4, CO2 activation is
promoted by abundant weak basic sites,13 while in the case of
c-Co3O4, it occurs due to the presence of oxygen vacancies
confined in cobalt oxide lattice structure.48
Apart from carboxylate species formed as the result of
associative adsorption and subsequent hydrogenation on both
Co3O4s, the formate intermediate additionally appears in the
case of m-Co3O4, which was confirmed to contribute to the
overall methane formation. It is strongly suggested that the
formation of reaction intermediatescarboxylate and for-
matetakes place on the Co/cobalt oxide interphase as it was
proposed for Co/manganese oxide systems.45 Thus, the 573 K
reduction temperature results in faster catalyst activation as
well as in higher CH4 selectivity because of the formation of
optimal composite interphaseCo/cobalt oxide. The catalyst
properties−performance correlations in the CO2 methanation
reaction for the catalysts in question are summarized in Figure
9. In the illustration, it is highlighted that carboxylate
intermediate is stabilized by the oxygen vacancies present in
both the Co3O4 systems but dominating on the c-Co3O4.
67
Additionally, the CO2 molecules are activated on weak basic
sites located exclusively on the m-Co3O4 by producing
bicarbonate species, which are subsequently transformed to
formate intermediate.
At high reaction temperatures, the CO selectivity consid-
erably increases for both the catalysts, arising from the
decomposition of carboxylate or formate species. XPS findings
revealed that after the CO2 + H2 reaction, c-Co3O4 is totally
reduced and m-Co3O4 is mostly oxidized. Oxidation of m-
Co3O4 may be the result of an accumulation of formate species
on the oxide surface.42 To some extent, oxidation may be
attributed to the water molecules formed during the reaction,68
but since the DRIFTS spectra of m-Co3O4 do not show any
significant concentration of adsorbed OH during the whole
temperature range, this contribution is considered minor. On
the other hand, c-Co3O4 does not have accumulated formate
species on the surface; therefore, it is almost fully reduced by
the constant excess of H2 present in the reaction mixture.
Although some authors could not reach complete reduction for
Co-based systems even at high temperatures,17 for this system,
it was shown that c-Co3O4 is very prone to reduction and can
be fully reduced under reaction conditions (Figure 3Sb).
Concerning the deactivation of the catalysts, the deposition
of carbon through the direct dissociation of CO is accepted as
the main reason.39 It should be noted that for m-Co3O4,
deactivation is much slower than for c-Co3O4. The limitation
of coke formation on m-Co3O4 can be ascribed to the stronger
surface basicity of the catalyst.13 The fast deactivation of c-
Co3O4 may originate from the fast reduction and unavailability
of the cobalt oxide phase for CO2 activation. Another reason
could lie in the crystal structure of metallic Co. It is possible
that the hcp phase prevailing on c-Co3O4 has poorer catalytic
activity than the cubic one in CO2 methanation, but claiming
this would require more structural investigation.
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Figure 9. Catalyst properties−performance correlations in CO2
methanation reaction in Co3O4 systems.
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4. CONCLUSIONS
As a final remark, it is important to emphasize that Co3O4 is a
complex dynamic system whose performance in CO2
methanation reaction is extremely structure-sensitive (Table
S1). Despite being the same material, the bulk and surface
properties of both Co3O4s (such as morphology, cobalt
oxidation states, acid−base properties, presence of defect
sites) were quite different, which directly influences the
catalytic capability and the reaction mechanism.
Both metallic cobalt and cobalt oxide phases are
participating in the activation of the reactants and the
stabilization of the intermediates. Metallic Co activates the
hydrogen molecules while activation of CO2 takes place on the
cobalt oxide phase. The carbon dioxide activation may also
occur on metallic Co in the case of dissociative CO2
adsorption. Two kinds of active reaction intermediates were
detectedcarboxylate and formate. Oxygen vacancies prevail-
ing on the c-Co3O4 serve as the sites for CO2 adsorption to
produce carboxylate species. Weak basic sites detected
exclusively on m-Co3O4 promote the CO2 activation and
result in the formate intermediate. There is a possibility that a
certain part of the formate migrates from the interface to the
oxide phase and accumulates there as an inactive spectator.
The CO2 methanation intermediates are proposed to form at
the Co/cobalt oxide interface. The formation of carbon is
regarded as the main cause for the deactivation of the catalysts
and originates from the CO dissociation at metallic Co sites.
The results of the present study proved that m-Co3O4 is a
cheap, noble-metal-free catalyst for CO2 methanation with
competitive activity and ∼100% CH4 selectivity (Table S1).
Results obtained in this work emphasize the importance of
morphology as well as metal oxide states in the given catalytic
process. Investigating the role of these species and tuning the
morphology enables the design of new noble-metal-free
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